Abstract. Expansive soils in semi-arid climates must be mitigated to minimize potential structural damage to the overlying structures due to swell-shrink behavior caused by climatic changes. The expansive soil in this study was amended by sand which reduced the swell-shrink potential significantly. As a secondary additive, a waste by product of construction industry was selected, marble powder. Recycling this material would minimize its accumulation and covering a large space in landfill areas. In this study, waste material was assessed as a possible partial replacement for sand and due to its high calcite content, curing effect on its cementitious characteristic was also evaluated. It was observed that for mitigating the swell-shrink potential, 10% marble powder by dry mass was the optimum amount which was observed to gain improved characteristics with curing. The flexural strength, however, slightly reduced with marble powder addition, the soil mixture displayed a brittle behavior. Therefore the utilization of this material is recommended to be restricted to soils exposed to lower flexural loads, such as light traffic. The correlation between shrinkage strains and flexural strength parameters suggested herein, could be a potential empirical approach to predict the flexural strength based on shrinkage behavior.
Introduction
The swell and shrinkage properties of expansive soils due to climatic effects cause serious damages to the light structures. Many researchers studied the factors which influence the swell-shrink behavior of compacted expansive soils. The influence of compaction dry density and moisture content on the swelling of desiccated clay was investigated by Rao et al. (2000) [1] and concluded that it is actually the initial void ratio which affects the swell potential of the desiccated soils, and not the compaction water content. Conversely, initial moisture content is an important factor for both swelling and shrinkage. According to Chen and Ma (1987) [2] initial dry density is a controlling factor on swelling but not on shrinkage. Day (1994) [3] studied the effect of cyclic wetting-drying on volume change of the compacted silty clay and observed that the swell potential increased which was attributed to the change in clay structure from dispersed to flocculated state with the repeated wettingdrying cycles. Detrimental effects of swelling-shrinking soils on structures are well documented in the literature [4] . To alleviate these effects, various materials such as lime, Portland cement and bitumen are used in the stabilization of swelling soils of which most commonly used are lime and cement [5] .
Recently utilization of industrial waste materials such as fly ash, blast furnace slag, cement kiln dust, limestone dust and marble dust as additives became very popular for both recycling and soil improvement purposes. Accumulation of these wastes presents considerable environmental and economical problems, therefore their utilization as stabilizing agent impedes their hazardous effects on the environment and reduces construction costs as well as accumulation of the waste in areas where landfill capacities are restricted. Gandhi (2013) [6] compared marble dust and rice husk ash in the stabilization of expansive soils and showed that marble dust was more effective than rice husk ash. Agrawal and Gupta (2011) [7] studied with varying proportions of marble dust (0, 5, 10, 15, 20, 25 and 30%) for the expansive soil treatment. They investigated the effect of marble dust on the physical properties of the stabilized soil and reported that liquid limit, plasticity index and shrinkage index decreased after using marble dust. On the other hand, plastic limit and shrinkage limit increased. Abdulla and Majeed (2014) [8] added marble powder with different percentages (10, 20, 30%) by weight of soil. Liquid limit, plastic limit and plasticity index values reduced with the marble dust inclusion. Effect of marble dust addition on compaction characteristics were evaluated by [9, 10] . Çimen et al. (2011) [9] stated that marble content affect the maximum dry density but optimum water content did not change. Sabat and Nanda (2011) [10] stated that maximum dry density showed a decreasing trend and optimum moisture content showed vice versa with the addition of marble dust. Many investigations showed that swelling of soils reduced with This study is focused on the effect of curing time on shrinkage and flexural strength of compacted silt-sand with marble powder additive as a replacement for sand. Flexural strength is an indirect tensile test yielding a measure of toughness and ductility of materials, which are required characteristics of compacted soils mainly as road base. This study also shows a relationship between shrinkage properties and flexural strength.
Materials and methods
Expansive soil used in this study is classified as silt with high plasticity (MH) according to the Unified Soil Classification System (ASTM D2487), consisting of 42% clay, 48% silt and 10% sand. Sand used in stabilization of expansive soil is poorly graded sand (SP) taken from the eastern coast of Cyprus, with effective diameter D 10 , mean diameter D 50 , coefficient of uniformity C u and coefficient of curvature C c values of 0.16, 0.19, 1.25 and 1.013 respectively. Waste marble powder (MP) utilized as a secondary additive, was collected from a marble plant which was freshly accumulated after a cutting process. It is constituted of 6% clay size, 32% silt size and 62% sand size particles. The chemical composition of the expansive silt and waste marble powder obtained using X-ray flourescence spectrometer (XRF) are depicted in Table 1 . Table 1 . Chemical composition of natural silt and waste marble powder.
One-dimensional swell test (ASTM D4546-08) was applied to the compacted soil samples which were at 75 mm diameter and 15 mm height. Upon completion of swelling, the specimens were drained and stored in a temperature controlled room for volumetric shrinkage test. Diameter and height of the soil samples were measured at different time intervals on shrinkage path using a digital Vernier caliper, until volume change ceased.
For flexural strength test (ASTM C348-14), soil specimens (beams) were prepared using a special mold which was 40 mm width, 40 mm depth and 160 mm height. These beams were compacted by using static compaction according to maximum dry density and optimum water content values. All samples which were used in swell, consolidation, shrinkage and flexural test were cured for 0, 7 and 28-days. Soil specimens were packed and stored in a desiccator.
Experimental Results

Physical properties
Soil specimens were categorized in five different groups. Group 1 is expansive silt which is denoted by N. Group 2 is 50% silt and 50% sand (NS), Group 3 is 47.5% silt, 47.5% sand and 5% marble powder (NS5%MP), Group 4 is 45% silt, 45% sand and 10% marble powder (NS10%MP), Group 5 is 40% silt, 40% sand and 20% marble powder (NS20%MP). Table 2 . It can be observed that there is a significant reduction in consistency limits with sand addition which remains almost the same with marble inclusion. Sand and marble powder inclusion increase the maximum dry density while considerably reduce the optimum water content.
Volume Change
One-dimensional swell
One-dimensional swell test (ASTM D4546-08) was conducted on all of the soil groups at curing times of 0, 7 and 28 days. Primary swell potential of silt was as high as 4.95%. Swell potential decreased to 0.67% after addition of sand. Studying the swell percentages presented in Figure 1 , it can be observed that addition of 5% and 10% MP to silt-sand mixture initially increased the swell potential which followed by a considerable reduction with time. 10% and 20% MP additions have been very effective, keeping the swell potential below the critical limit of 1.5% at all curing times. 
Volumetric shrinkage
Shrinkage test results were studied as volumetric shrinkage strain (V/V 0 ) versus time as plotted in Figure  2 . Maximum volumetric shrinkage strain of N was 0.19 which reduced significantly to 0.068 when sand was added. This value reduces furthermore to 0.045 with 10% MP inclusion after 28 days curing, whereas 5% and 20% MP yielded higher volumetric strains. As it can be seen from test results the lowest and most convenient value was obtained after addition of 10% marble powder. Shrinkage test results were also modelled by SoilVision software [16] using a hyperbolic model given in Equation where, a sh : fitting parameter (minimum void ratio), b sh : fitting parameter (shrinkage limit), c sh : fitting parameter (curvature of the hyperbola), w: gravimetric water content. Table 3 shows the fitting parameters for all soil groups. The results reveal that 10% MP gives the best result in shrinkage, as the shrinkage limit (b parameter) and the final void ratio (a parameter) remain the highest after 28 days curing period.
Prediction of ultimate swelling and shrinkage
The shape of swell (%) and volumetric shrinkage strain versus time graphs resemble the shape of a rectangular hyperbola. Kondner (1963) [17] suggested that the nonlinear stress-strain curves of soils represented by a rectangular hyperbolic equation, could be linearized by plotting the results in a modified form. Therefore, swelltime and volumetric shrinkage strain-time relationships could also be linearized [18] [19] [20] . Hence using this concept the ultimate swell and volumetric shrinkage strain could be predicted using the hyperbolic model given in Equation (2). Komine and Oggata (1994) [21] proposed to obtain the maximum values by finding the limiting value at infinite time as given in Equation (3) .
where t is the time from the start of water inundation, S(t) is the vertical swell at time t, and a and b are constants obtained from straight line fits giving the highest R 2 value.
Theoretically, it takes infinite time to reach the ultimate swell value, which cannot be practically measured in the laboratory. Therefore, prediction from the initial stages of swell is advantageous instead of continuing till equilibrium. Addition of sand and MP have yielded both predicted swell and shrinkage percentages slightly bigger than the measured values as 2016) can be observed in Figure 3 (a) and (b).
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(a) (b) Figure 3 . Predicted swell (a) and volumetric shrinkage strain (b) versus measured maximum swell and shrinkage strains.
Flexural Strength
Flexural strength tests were performed for all soil groups at different curing times, and load-deflection curves were obtained. The peak flexural load (P f ) of each mixture at different curing times are obtained and displayed in Table  4 . The flexural performance of compacted stabilized soil mixture displays either deflection-softening or deflectionhardening behavior. From the flexural load versus deflection curves, the point at which the linearity of the load-deflection curve ends (P 1 ), the initial peak, also known as the limit of proportionality (LOP) as described in ASTM C1609-10 is determined and compared with the peak flexural load (P f ). In this study both values are almost equal, therefore, the flexural behavior is deflection-softening, conversely if P 1/ P f is greater than 1, deflection-hardening occurs. This can further be justified by determining the equivalent flexural strength ratio given in Equation (4). Flexural strength values are obtained by using Equation (5).
where, P is the flexural load, L is the span length, b is the width and d is the depth of the beam.
Toughness is the ability of a material to absorb energy during fracture [22, 23] . The equivalent flexural strength ratio represents the efficacy of energy absorption of the material from the beginning to the deflection of L/150. If this value is less than 100%, deflectionsoftening, and if greater than 100% deflection-hardening behavior occurs. The latter indicates a high toughness material. Table 4 summarizes the flexural strength performance data from which it can be deduced that the toughness value after 28-day curing period is the highest for NS10%MP specimen. This is also justified by the flexural strength ratio,
, which yields the highest value with 10%MP usage after the curing period of 28 days. However all samples display a strain-softening behaviour, hence utilization of waste marble powder made soil specimens more brittle.
With an attempt to correlate volumetric and axial (H/H 0 ) shrinkage strains and the flexural strength parameters, the relationships in Figure 4 were produced. There appears to be a logarithmic relationship between the shrinkage strains and the flexural strength and toughness values. Figure 4 depicts that higher the flexural strength and toughness lower will be the desiccation deformations in a semi-arid climate where unsaturated soils prevail. It can also be noted from these findings that the volumetric shrinkage strains are almost twice the axial shrinkage strains. 
Conclusions
This study summarizes the initial findings of a research which aims to utilize a waste product for recycling purpose, as well as mitigating the expansive soils which cause structural distresses in a semi-arid climate, mainly to light structures. The marble powder produced as a waste product in construction industry has been used to partially replace the sea sand used to mitigate an expansive silt. The research was aimed to study the efficiency of this material in soil stabilization. The experimental findings demonstrated that swell and shrinkage properties improved by at least 10% MP usage and that the effect of curing has been rather significant. However, regarding the flexural strength properties, it was observed that the MP addition increased the brittleness of the soil mixtures, hence could be recommended for soils to bear light loads. The predictive determinations of maximum swell and shrinkage values were also tested and proved to be very effective. Furthermore, a correlation could be formed between volumetric shrinkage and flexural strength parameters which clearly needs further work to ascertain its applicability to different soils. 
